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Occupational EMF exposure has also heightened concern conducted either alone or in combination with graded due to the fact that such exposure indices are much greater than doses of a physical or chemical carcinogen. γ-radiation was residential exposure, and because of the growing population of chosen as a form of ionizing radiation while N-methyl-NЈ-exposed individuals. Like the residential investigations, many nitro-N-nitrosoguanidine (MNNG) was chosen as a form epidemiology studies focused on electrical occupations have of chemical contaminant. Exposure of A L cells to EMF suggested a possible link between EMF exposure and the risk alone for a period up to 7 days was non-cytotoxic and nonof several forms of acute myeloid and chronic lymphocytic mutagenic. Concurrent EMF treatment did not increase leukemia as well as breast cancer (10-13). At the same time, either the cytotoxicity or induction of CD59 -mutants by several cohort studies focused on similar electrical occupations graded doses of γ-rays or MNNG in A L cells. This study demonstrated no such correlation (14-16). Moreover, assessshows conclusively that short-term or long-term exposure ment of exposure across occupational epidemiology studies is to EMF alone neither affects the survival of A L cells nor limited by the manner of EMF exposure classification: EMF increases the mutagenic potency of other environmental exposures are often classified by job titles instead of measured carcinogens.
exposure values. Tobacco and radon have been proven in laboratory studies to be carcinogenic (17-19), providing direct laboratory Introduction evidence to support epidemiological data. In contrast, EMF by itself has not been shown to induce tumors in laboratory It has been well established that all electrical devices generate animals (20) . There is recent evidence to suggest that weak electric and magnetic fields into the surrounding environalternating EMF has weak promotional effects in both the ment (1). Since these fields are of low frequency (ranging two-stage skin tumor model using SENCAR mice (21) and in from 50 to 60 Hz), it has been assumed for decades that they are harmless to human health. However, epidemiology studies rat mammary tumors (22). However, studies on in vitro in the past 10 years have raised the possibility that there may oncogenic transformations induced or promoted by EMF are be a direct correlation between alternating extremely low limited and few of those reported have used conditions frequency magnetic field (ELF-MF or EMF) exposure and comparable with the extremely low frequency regions likely cancer induction. It should be noted that this body of evidence to be encountered in residential or occupational settings (23) . is only suggestive of a causal link and is far from definitive.
Although EMF has never been shown to be mutagenic by The association between cancer induction in humans and itself, there is evidence to suggest that it may act as a coexposure to EMF (50-60 Hz) was first suggested based on mutagen. Studies have shown that EMF (50 Hz) enhanced epidemiological findings of an excess leukemia incidence X-ray-induced gene mutations at the hypoxanthine-guanine among children living in the vicinity of high tension wires phosphoribosyl transferase (HPRT) locus by 1-2-fold in (2). Subsequent epidemiological studies by others conducted Chinese hamster ovary cells (24) and by 3-fold in human in several different countries provide supporting evidence melanoma cells (25) . Although the mechanism for this colinking EMF to a variety of human malignancies including mutagenic effect is not known, these data are in agreement brain tumors and leukemia (3-5). Whereas few of the early with the promotional effects observed in the in vivo studies epidemiological studies demonstrate unequivocally the assodescribed above. However, studies on the co-mutagenic ciation between exposure to EMF and cancer, the consistency effects of a 1.1 Tesla (T) magnetic field in conjunction with a of the marginal findings over time heightens concern by the 3.3 Gy dose of X-rays on recessive mutation incidence among Drosophila melanogaster showed no difference in mutagenic potential with or without concurrent magnetic field treatment involving only a single dose of X-rays, thus making a definitive conclusion hard to draw. Several factors such as differences in research design and the inability to replicate experiments have impeded a clear interpretation of laboratory studies investigating the biological effects of EMF (23) . Results have been inconsistent across different exposure indices within and across studies (3,9,27) and discrepant with respect to the cancer types putatively affected (10,11,28). Due to the inevitable exposure to EMF for a massive population base, a more consistent database obtained with well-defined exposure conditions is urgently needed for a better understanding of the potential adverse health effects. Therefore, it would be ideal to use a highly sensitive mutational assay system, a standardized EMF exposure device, and a suitable dose of EMF exposure that is relevant to today's industrial surroundings to assess the mutagenic and co-mutagenic effects of EMF in conjunction from a 137 Cesium irradiator at an absorbed dose rate of 1.01 Gy/min with both physical and chemical carcinogens. In this study, the short-and long-term biological effects of experiments performed, six dishes were irradiated with either a 1.5 or 3 Gy a 100 µT (1 gauss) alternating magnetic field powered at 60 Hz dose of γ-rays. After irradiation, two irradiated dishes were placed in a normal incubator as irradiated controls while the other four dishes, two per set, were are examined because this field strength is most relevant (MNNG) is examined using the human-hamster hybrid A L cell days of EMF exposure at a constant 100 µT dose, the appropriate groups were trypsinized and replated for both surviving and mutation fraction as line. This mutagenic assay is preferable over other more described (33) (34) (35) . During the 7 days of EMF exposure, groups were conventional systems such as Ouabain and HPRT because of subcultured once to maintain exponential growth.
its ability to not only detect mutations at the gene level, but genotoxic endpoints can be directly measured as opposed to was replaced. As described above, dishes were then placed in their respective EMF or sham exposure chamber, or normal incubator for the required treatment relying on extrapolation from high-dose data. period and processed as described.
Materials and methods

Survival assay
At the conclusion of the various treatment periods, cultures were washed with Cell culture buffered salt solution, trypsinized, counted with a Coulter counter (Coulter The human-hamster hybrid (A L ) cells developed by Waldren and Puck (30, 31) Corporation, Miami, FL) and replated in 100 mm diameter tissue culture that contain a standard set of Chinese hamster ovary-K1 chromosome and a dishes at a density such that 60-80 viable clones would survive the treatment single copy of human chromosome 11 were used. Chromosome 11 contains (typically ranging from 100 to 400 cells per dish). Cultures were incubated the CD59 gene (formerly known as M1C1) at 11p13.5, which encodes the for 7-10 days at which time they were fixed with buffered formalin, stained CD59 cell surface antigen (also known as the S1 antigen). Wild-type A L cells with Giemsa and the number of colonies was counted. lyse in the presence of specific complement and antiserum against the CD59 antigen (E7.1), while mutated cells that have lost the CD59 gene and, therefore, Mutation assay the cell surface marker, survive to form colonies (30) . Antibody E7.1 was After completion of the EMF and sham treatments, cultures were trypsinized, produced from hybridoma cultures as described (32) and rabbit serum was replated and incubated for 1 week before mutagenesis testing began as used as a source of complement. Cells were routinely maintained in exponential described (33) (34) (35) . This expression period is necessary in order to permit growth phase in Ham's F12 medium supplemented with 8% heat-inactivated surviving cells to recover from the temporary growth lag caused by the fetal bovine serum (Atlanta Biologicals, Norcross, AT), 2ϫ normal glycine various treatments and to multiply sufficiently so that the progeny of the (2ϫ10 -4 M) and 25 µg/ml gentamycin as described (32, 33) . mutant cells are no longer expressing lethal amounts of the CD59 surface antigen. Maximum expression of mutants occurs 7-14 days after mutagen EMF exposure system treatment and remains fairly constant for several weeks before leveling The MC-2XC concentric coil in vitro exposure system (Columbia Magnetic off. Cell cultures to be tested were trypsinized and counted, and aliquots Incorporation, Kennewick, WA) which meets all the current magnetic field containing 5ϫ10 4 cells were plated into each of five 60 mm diameter plastic system design requirements of the US National Institute of Environmental dishes in a total of 2 ml of F12 medium. The dishes were incubated for 2 h Health Sciences was used in this study (Figure 1) . The system was powered to allow cell attachment to the surface, after which 0.2% CD59 antiserum and at 50-60 Hz by a variable transformer and utilizes two Merritt 4-coil sets 1.5% freshly thawed complement were added to each dish as described arranged in a concentric configuration to limit stray fields. Two exposure previously (32) (33) (34) (35) . Controls included identical sets of dishes with appropriate chambers were connected to a Forma Scientific incubator (model 3026) that numbers of cells containing antiserum alone, complement alone or neither was held remote to prevent interference with the exposure study and to agent. Cell cultures were tested each week for 2 consecutive weeks to ensure provide temperature and humidity to the exposure chambers. One exposure the full expression of mutants. Seven to 10 days after plating, cells were fixed chamber was designated for sham exposure and the system contained an with buffered formalin, stained with Giemsa stain and surviving colonies were active compensation device to cancel weak circulating magnetic fields while counted. Mutation frequencies were determined as the number of surviving equal currents flow in both exposed and sham coils to provide identical colonies over the total number of cells plated after correction for any nonexposure conditions (but magnetic fields were absent in the sham chamber). specific cell killing due to complement alone. The temperature difference between the two chambers was within Ϯ0.1°C with magnetic field uniformity better than Ϯ5%.
Statistical analysis Irradiation
Statistical analysis of data was carried out using Student's two-tailed t-test for unpaired data. Differences between means were regarded as significant if Exponential phase cultures of A L cells were plated in 60 mm diameter tissue culture dishes at a density of 10 5 cells/dish 2 days before treatment. γ-rays P Ͻ 0.05. exposure (lanes 6 and 11) and control. Although a slight increase in survival rate was detected in A L cells treated with either EMF or sham exposure, such an increase was not statistically significant from the control (P Ͼ 0.05). Exposure of A L cultures to γ-rays induced a dose-dependent reduction in survival in the 24 h group. Irradiation with a 1.5 and 3 Gy dose of γ-rays resulted in surviving fractions of 0.56 and 0.32 respectively. Concurrent exposure to a 100 µT EMF for 24 h (lane 3 in Figures 2 and 3) did not modulate the radiosensitivity of the A L cultures. Consistent with previously documented studies, delayed plating after radiation exposure increased the surviving fraction in both the 1.5 and 3 Gy dose group subcultured 7 days post-irradiation. Similarly, concurrent exposure to a 100 µT EMF for 7 days resulted in no modulation of the radiation survival of the irradiated cell population (Figures 2 and 3) . short-or long-term EMF exposure alone has no effects on either the clonogenic viability of A L cells or the co-mutagenic potential with γ-rays.
N-nitroso compounds are metabolites formed from N-nitrosation in human upon ingestion of nitrite-preserved food, from herbicide contamination and smoking (18, 29) . In laboratory studies MNNG has been shown to be a direct alkylating agent that does not require metabolic activation. To assess the co-mutagenicity of a chemical carcinogen with EMF, two doses of MNNG corresponding to low and moderate cytotoxicity were chosen in the present study. Figure 6 shows the surviving fraction of A L cells exposed to the higher dose of 0.05 µg/ml MNNG, either alone or in combination with a 100 µT dose of EMF for either a 24 h or 7 day exposure. Treatment of A L cells with EMF alone was non-toxic and non-mutagenic (data not shown). Whereas MNNG treatment showed a dose-dependent increase in toxicity (low-dose data not shown), with the higher dose at 0.05 µg/ml resulting iñ 50% cell killing, there was no modulation of chemically induced toxicity by concurrent exposure to EMF for up to 7 days.
In addition, MNNG induced a dose-dependent increase in resulting in an induced mutant fraction that was~2 fold above Data were pooled from three to five experiments. Bars show ϮSD.
the background incidence of 66.3 Ϯ 33.7 per 10 5 survivors when subcultured 24 h post-treatment (Figure 7) . Holding of the chemically exposed cultures induced a further decrease in in many of the epidemiology and laboratory studies have mutagenic yield such that continuous cultivation of MNNGheightened concern of the general public and demand definitive treated cells for 7 days reduced the mutant fraction to~40% assessment of exposure risk from regulatory agencies. Various of the 24 h group. Furthermore, concurrent exposure to a in vitro and in vivo studies have shown that magnetic fields 100 µT EMF for either a 24 h or 7 day period did not alter including those in the ELF regions affect cell membrane the mutant fraction induced by MNNG treatment alone.
functions, particularly the movement of Ca 2ϩ across the membrane (36-39). Since the Ca 2ϩ ion is an integral part of Discussion various cellular signaling pathways involving protein kinases, ELF-magnetic fields have the potential to modulate the Electromagnetic fields are widely present in today's industrial society and expose an enormous population. The discrepancies cellular response of a variety of DNA damaging agents whose mechanisms of action are linked to serine/threonine kinases, breast cancer in the DMBA initiation-promotion mammary gland model in Sprague-Dawley rats (44, 45) . such as ionizing radiation (40). The possibility that activation
In conclusion, this study shows that a 100 µT alternating of cellular ion channels may be connected to an induction of 60 Hz EMF is non-cytotoxic and non-mutagenic by itself DNA repair pathway (41) is consistent with recent findings in mammalian cells. Furthermore, it does not increase the that potassium channel blockers such as cesium chloride cytotoxicity or mutagenic potential of either physical or significantly reduced radiation-induced mutagenesis in CHO chemical carcinogens. These results provide supporting cells (24) .
evidence to earlier studies which show that alternating EMF The utilization of a sensitive in vitro mutagenic assay are not carcinogenic and do not have a co-mutagenic effect presents advantages over human epidemiological studies in with physical carcinogens. the low-dose risk assessment. Because of the exquisite sensitivity of the A L cell system, the effects of low doses of radiation or chemicals can be studied, which would be quite to neighboring essential genes (32, 33 focuses on the effects of both short-and long-term EMF suggesting that 60 Hz EMF exposure has little or no effect on between EMF exposure and cancer induction. found no evidence that 50 or 60 Hz magnetic fields promote
